Introduction: Cardiopulmonary exercise testing is an essential tool to assess cardiorespiratory fitness (CRF) in children. There is a paucity of adequate pediatric reference values that are independent of body size and pubertal stage. The purpose of this study is to provide Z score equations for several maximal and submaximal CRF parameters derived from a prospectively recruited sample of healthy children. Methods: In this cross-sectional multicenter study, we prospectively recruited 228 healthy children 12 to 17 yr old in local schools. We performed a symptom-limited cardiopulmonary exercise testing progressive ramp protocol on an electronically braked cycle ergometer. Eighteen CRF parameters were analyzed. We tested several regression models to obtain prediction curves that minimized residual association with age, body size, and pubertal stage. Both the predicted mean and the predicted SD were modeled to account for heteroscedasticity. Results: We identified nonlinear association of CRF parameters with body size and significant heteroscedasticity. To normalize CRF parameters, the use of a single body size variable was not sufficient. We therefore used multivariable models with various combination of height, corrected body mass, and age. Final prediction models yielded adjusted CRF parameters that were independent of age, sex, body mass, height, body mass index, and Tanner stages. Conclusions: We present Z score equations for several CRF parameters derived from a healthy pediatric population. These reference values provide updated predicted means and range of normality that are independent of sex and body size. Further testing is needed to assess if these reference values increase sensitivity and specificity to identify abnormal cardiorespiratory response in children with chronic diseases.
C ardiopulmonary exercise testing (CPET) assesses the ability of the respiratory and cardiovascular systems to respond to exercise. It is an important tool to evaluate the effect of chronic cardiac and pulmonary conditions on the integrity of the cardiorespiratory system (1) (2) (3) . In children, aerobic capacity is strongly influenced by body size and pubertal stage (4) . A typical healthy adolescent boy would see his peak V O 2 go from 1000 to 3000 mLImin j1 during puberty, and such variation is not completely accounted for even if V O 2 is indexed for body mass (5) . Removing the effect of body size on parameters measured during CPET is complex but essential to obtain body size-independent reference values in pediatrics (6) .
Interpretation of cardiorespiratory fitness (CRF) requires knowledge of the normal response in healthy individuals so that abnormal response may be distinguished from physiological variations. Body size-independent reference values are obtained by careful adjustment of measurements for body size. This process helps to remove the physiological effect of normal growth and thus improves the sensitivity and specificity of CRF parameters to detect the pathological effect of disease (7) . We recently showed that high-quality pediatric contemporary CPET reference values with adequate adjustment for body size are still needed (5) . We believe that a systematic approach to develop predictive equations would likely decrease the signal-to-noise ratio and therefore improve the predictive value of CPET. Moreover, assessments of slopes kinetics during exercise testing have shown great diagnostic and prognostic potential in adults, but reference values for these parameters are either scarce or inexistent for children (8) (9) (10) .
The purpose of this study was to provide pediatric reference values for 12 submaximal and 6 maximal CRF parameters by using a standardized approach to normalization for body size and pubertal stage on a prospectively recruited sample of healthy children. We aimed to determine predictive formulas that would yield adjusted CRF parameters that are independent of sex, age, body size, puberty, and body mass index (BMI).
METHODS
Population and recruitment. This is a cross-sectional multicenter study. Targeted participants were healthy children between 12 and 17 yr of age. The recruitment took place in schools in the region of Sherbrooke and Quebec City (Canada). A representative of the study visited participating schools to contact potential participants. Parents of interested participants were contacted to provide informed consent. Inclusion criteria were as follows: healthy children and adolescents between 12 and 17 yr of age not involved in high-level competitive sports. Our definition of a competitive athlete was that of the 36th Bethesda Conference (11): ''participation in an elite team or individual sport that requires regular competition, systematic and generally intense training, and a focus on excellence and achievement.'' If potential participants met this definition, they were not eligible. We did not include competitive athletes because they are expected to have supranormal CRF, especially for maximal parameters, which could skew our predicting equations. Children were excluded for the following reasons: smoking; medical conditions forbidding intense exercise; history of exercise discomfort awaiting medical investigation; BMI-forage Z score adjusted for sex of less than j2.0 or greater than 2.0; musculoskeletal, cardiovascular, or pulmonary condition limiting exercise performance (e.g., muscular dystrophy, congenital heart disease, asthma); and current medication influencing CRF, including inhaled corticosteroids and beta agonists. The CPET was performed either at the Research Center of Sherbrooke University Hospital or at the Research Center of Quebec City University Hospital. The institutional ethics boards approved and monitored this research project in both centers.
Anthropometrics and physical examination. Participants were examined and questioned by a pediatric cardiologist (F.D. or P.C.) and were submitted to a resting ECG and a forced spirometry to rule out contraindications to CPET. We measured body mass, height, waist circumference, and fat-free mass (FFM). Waist circumference was measured using an anthropometric tape at the minimum circumference between the iliac crest and the rib cage and was normalized for age and sex (12) . FFM was estimated using a bioelectric impedance scale (TBF 543 (Tanita, Tokyo, Japan) or Inbody520 (Biospace, Urbandale, IA)). BMI was normalized for age and sex (13) .
Questionnaire on habitual physical activities and puberty. A questionnaire administered by study personnel was used to determine the level of habitual physical activity. The questionnaire used was an adaptation of the ''physical activities'' and ''sedentary activities'' sections of the validated Canadian Community Health Survey (14) . Briefly, the type, intensity, and duration of activities performed in the last 3 months were surveyed. The intensity (METs) and time spent doing each activity were used to estimate the mean daily metabolic equivalence (kcalIkg j1 Id j1 ) as previously described (14) . This mean daily metabolic equivalent allowed for comparison of our sample with the general Canadian population. Pubertal stage was self-reported by asking participants to confidentially identify their level of pubertal development using pictograms of Tanner criteria (15) .
CPET. A symptom-limited CPET progressive ramp protocol was performed on two different electronically braked cycle ergometer, depending on the center: the VIAsprinti 150P bicycle (CareFusion, Totowa, NJ) and the Corival bicycle (Lode, Groningen, the Netherlands). Participants were equipped either with a face mask (7450 Series Silicone V2i Oro-Nasal; Hans Rudolph, Shawnee, KS) or with a rubber silicone mouthpiece with saliva trap (Hans Rudolph) connected to a Vmax Encore (Vmax Encore Metabolic Cart; Sensormedic, San Diego, CA) or a Ultimai CardiO2 (MGC Diagnostics, St Paul, MN) metabolic Cart. The workload ramp was individualized to achieve maximum exertion within 8 to 12 min. This time target was chosen on the basis of recent recommendations as well as reports showing that peak V O 2 is maximized at 10 min in ramp protocols (6, 16, 17) . Selection of the workload ramp was based on predicted values for height (18) . It was then tailored according to the participant_s level of habitual physical activity as described by Paridon et al. (10) . Participants who did not achieve maximal exercise within 8 to 12 min were either excluded or asked to be retested at a later date. Participants were encouraged to keep a constant pedaling rate of 60 to 80 rpm. The test began with a 2-min rest phase (seated on the cycle ergometer without pedaling) followed by a 3-min warm-up of unloaded cycling. The exercise phase was followed by a 3-min recovery period of slow pedaling (40 rpm) at 10% of the predicted maximal workload. The recovery period was initiated if any of the following events occurred: plateauing of the V O 2 for 930 s, the participant asked to stop the test (for any reason), or inability to maintain a constant pedaling of greater than 50 rpm.
Tests were interrupted if signs of cardiovascular distress were present (ventricular arrhythmias, falling blood pressure, dizziness, etc.). Participants were actively encouraged to exercise until voluntary exhaustion. Each test was supervised by a pediatric cardiologist and an experienced respiratory therapist (Sherbrooke) or kinesiologist (Quebec City).
We continuously monitored 12-lead ECG, oxygen saturation, and breath-to-breath gas exchanges (flow, O 2 uptake, and CO 2 production) (6). We selected CRF parameters that should be part of a routine CPET as per the latest recommendations (10) . We also added CRF submaximal parameters that have shown potential value in assessing cardiovascular response in children with congenital heart diseases (19) (see Table S1 , Supplemental Digital Content 1, CRF parameters that were evaluated and how they were calculated, http:// links.lww.com/MSS/B198). The first ventilatory threshold (VT) was estimated using the ventilatory equivalence method and the V-slope method (6) .
To standardize the performance of CPET between centers, we provided testing sites with a detailed testing protocol. The protocol specified all steps of the performance of CPET, including strategies to set workload rate, level of encouragement to give to participants, criteria to stop the test, and so on. In-person meetings took place before the study to review the testing protocol. Study team members performed CPET on themselves in both sites less than 2 wk apart to ensure uniformity in the protocols and measurements. Preliminary analyses were performed after 15 participants at the Quebec City Center to assess potential deviation from measurements already collected at the Sherbrooke site.
Modelization and Z scores. In preliminary analyses, we found an important interaction effect of sex on the association of body size and exercise capacity. Therefore, male and female participants were assessed separately and sex-specific models were developed. Prediction models and Z scores were computed using a systematic and standardized approach previously used by our group (20) . The overall objective was to obtain normalized CRF parameters that are independent of body size and age (see the ''Modelization and Z score'' section in text document, Supplemental Digital Content 1, which presents the complete methodological approach to developing these prediction models, http://links.lww.com/MSS/B198).
Briefly, we first evaluated the relationship of the dependent variable (CRF parameter) with three independent variables: height, body mass, and age. We tested a first bivariate model with the independent variable that offered the best fit. For each model, we calculated the residuals of each observation (difference between the observed value and the value predicted by the model). To develop prediction models that are independent of body size, these residuals should no longer be associated with body size. When such associations were present, we tested if the inclusion of a second body size variable in the model diminished the residual association. During this process, we favored simpler models over more complex models to reduce the risk of overadjustment. These prediction models were then used to generate Z scores.
Assessment of the validity of Z scores. To assess if the newly computed Z scores were fully independent of body size, we plotted Z scores against age, body mass, height, BMI-for-age, waist circumference, pubertal stage, and FFM. When significant residual associations were found between body size variables and Z scores, we evaluated if modifications of the prediction models could reduce these associations. If so, the Z scores were recomputed and their validity was reassessed. Other tests were also performed to assess Z score validity (see the ''Assessment of the validity of Z score'' section in text document, Supplemental Digital Content 1, which explains in detail how the validity of Z scores was assessed, http://links.lww.com/MSS/B198).
Strategies to avoid bias related to fat mass. In preliminary analyses, we found a complex relationship between body mass and most CRF parameters, especially in children with increased fat mass. Similarly, we found that most CRF parameters had a strong correlation with FFM, but a weak correlation with fat mass. Because the estimation of FFM with the use of bioelectric impedance is not always available in centers performing CPET, we aimed to develop prediction equations that would not require the estimation of FFM (see the ''Strategy to avoid bias caused by body mass'' section in text document, Supplemental Digital Content 1, which presents the assessment of various models and correction strategies to account for the effect of body mass for individuals with increased fat mass, http://links.lww.com/ MSS/B198). Prediction models were deemed adequate if there was no residual association with BMI-for-age after stratification for habitual physical activity.
Statistical analysis. We used SAS for Windows version 9.4 for all analyses (SAS Institute Inc, Cary, NC). Variables that could potentially influence CRF parameters were assessed by comparing the mean Z score between groups. These included subject characteristics and technical aspects such as the use of medication and the center where the CPET was performed. Mean Z scores between groups were compared using Student_s t-test for two-group comparisons and ANOVA for comparisons of more than two groups. The Wilcoxon rank test was used for nonnormally distributed variables. The chi-square test was used to compare the percentage of physically inactive children in our study population versus the Canadian population. The t-statistic was used to estimate P values for residual association. Departure from a normal distribution was evaluated by using the Shapiro-Wilk test. A P value of G0.05 was considered statistically significant. The Hochberg correction was done for multiple comparisons.
RESULTS
A total of 411 potential participants showed an interest to participate in the study. Of them, 315 could be contacted and assessed for eligibility. Two hundred and forty-seven participants meeting the inclusion criteria were invited to participate. Of them, 4 were excluded for a suspicion of chronic pulmonary disease on spirometry and 11 with a BMI-for-age Z score 92.0. Thus, a total of 232 tests were performed. Four participants were subsequently excluded: one for nonsustained ventricular arrhythmia during exercise testing, one because of an obvious submaximal test, and two for not reaching peak exercise within 8-12 min. A total of 228 participants were included in the final analysis. Table 1 shows participants_ characteristics. Psychostimulant medication was reported by 8.8% of the participants. There was no significant difference in all CRF Z scores between participants taking psychostimulant medication and those not taking medication (data not shown). Therefore, participants taking psychostimulant medication were not excluded. Similarly, there was no significant difference between the participants tested in Quebec City and those tested in Sherbrooke in all measured CRF parameters Z scores (data not shown).
Preliminary analysis and modelization. For all CRF parameters except the O 2 pulse/workload slope in boys, participants_ height was the most strongly associated independent variable. Second degree polynomial or linear models with height were most effective to reduce residual associations with body size. However, residual association with body mass was often still present and the addition of body mass in the models allowed for further reduction of the residual association with body size, but also with pubertal stage. Some CRF parameters, such as V O 2 /work slope and V e /V CO 2 slope had little or no association with body size or age. In these cases, simple models such as linear models were sufficient to eliminate all residual associations with body size. For consistency, we also provide equations to calculate Z score even in cases of no association with body size.
Effect of fat mass. In our preliminary analyses, the exclusion of body mass from prediction models did not allow for adequate prediction for several CRF parameters. On the other hand, the inclusion of body mass introduced a bias and underestimated Z scores in overweight individuals for (21) , the introduction of BMI-for-age or adjusted waist circumference in prediction models, and the use of a cutoff for body mass in overweight individuals (see the ''Strategy to avoid bias caused by body mass'' section in text document, Supplemental Digital Content 1, which describes the various strategies tested to account for fat mass, http://links.lww.com/MSS/B198). Overall, these methods were equivalent to eliminate most of the residual association with BMI-for-age. We elected to use the latter in our final model owing to its simplicity. We thus used a ''corrected body mass'' in place of body mass in all prediction models. The corrected body mass is obtained from the participant_s body mass from which the mass in excess of the 85th percentile limit of BMIfor-age is subtracted (see the ''Strategy to avoid bias caused by body mass'' section in text document, Supplemental Digital Content 1, which explains in more details the technique for calculating corrected body mass, http://links.lww.com/MSS/ B198). This correction is only needed if the tested patient is overweight. For normal-weight individuals, the actual uncorrected body mass can be used.
Final models. Final estimates for prediction models are presented in Table 2 and Table 3 for male and female participants, respectively. These estimates are to be used in the following two equations to calculate the predicted values and the Z scores, respectively:
In these equations, height is in centimeters, corrected body mass is in kilograms, and age is in years. To facilitate the interpretation and calculation of the predicted values and Z scores, we have developed an automated Excel sheet that calculates the Z score for each CRF parameter (see Excel file, Supplemental Digital Content 2, which is a Z score calculator for CPET in children, http://links.lww.com/MSS/ B199). This excel spreadsheet automatically computes the corrected body mass when needed.
Evaluation of the validity of Z score equations. Overall, we were successful at removing most of the effect of body size for all CRF parameters. Z scores had adequate normal distribution and little or no residual association with body size, age, and pubertal stage. For example, Figure 1 demonstrates the absence of residual association for peak V O 2 Z scores with BMI-for-age, pubertal stage, age, age-adjusted waist circumference, height, and body mass (see also the text document, Tables S2 and S3 , and Figures S1 to S6, Supplemental Digital Content 3, which presents detailed results for residual associations and departure from the normal distribution for all CRF parameters, http://links.lww.com/MSS/B200). Because it has been suggested that FFM should be used to adjust for body size in overweight individual (22) (23) (24) (25) , we compared our models with models using FFM. Regardless of body mass (normal or overweight), there was no significant difference in the mean Z score for peak V O 2 when corrections were done using corrected body mass or FFM (see Figure S7 , Supplemental Digital Content 3, which compares mean peak V O 2 Z scores calculated from models using corrected body mass or FFM, stratified for normal-weight or overweight participants, http://links.lww.com/MSS/B200). Similar results were found for other exercise parameters (not shown). Blant-Altman analysis of our models and models with FFM showed that they were highly correlated with small mean differences and little bias (see Figure S8 , Supplemental Digital Content 3, which illustrates the relationship and agreement between the Z score of the peak V O 2 , modeled with the FFM and modeled with height and corrected weight, http://links.lww.com/MSS/B200). After adjustment for the level of habitual physical activity, mean peak V O 2 Z scores produced by our model in overweight subjects were similar to those in normal-weight subjects (see Figure S9 , Supplemental Digital Content 3, which illustrates peak V O 2 Z scores stratified by level of habitual physical activity for normal weight and overweight participants, http://links.lww.com/MSS/B200).
Effect of habitual physical activity. We observed a statistically significant association between the level of habitual physical activity and maximal CRF parameters, but not with submaximal CRF parameters. Figure 2 shows box plots of Z scores for maximal (peak O 2 pulse, peak V O 2 , and peak workload) and submaximal (V O 2 /workload, V e /V CO 2 slope, and V e /V CO 2 slope below VT) CRF parameters, according to the level of habitual physical activity.
To evaluate the possibility of a selection bias (more active individuals being more interested in participating in our ) were 32.8% and 34.9% for our study sample and for that of Statistics Canada, respectively (P = 0.62). The percentage of physically inactive boys were 26.4% and 24.5% for our sample and for that of Statistics Canada, respectively (P = 0.61).
Comparison with other reference values. we observed an important residual association with body mass (nonzero slope). This indicated an overestimation of predicted peak V O 2 in heavier participants. This residual association was removed by the current predicting equations (panel C). Similar results were observed for other CRF parameters (e.g., peak O 2 pulse) and other body size variables (e.g., height; data not shown). Residual associations could lead to misclassification. For example, in our sample of healthy adolescents, 912% of participants taller than 170 cm fell below the limit of the 80% of predicted according to Cooper_s equation (26) . This potential overestimation of predicted values in taller individuals was corrected by our predicted values (G2% were classified below a Z score of j2, which is in line with second percentile limit).
DISCUSSION
In this study, we present Z score equations for several submaximal and maximal CRF parameters, which are commonly used for the interpretation of a CPET. We identified nonlinear associations with body size and significant heteroscedasticity. We used a standardized approach to optimize regression modeling and produce Z scores with adequate data distribution and little residual association with body size. In most cases, the use of a single body size variable was not sufficient to normalize CRF parameters. We thus used multivariable models with various combinations of height, corrected body mass, and age, and we were able to produce adequate Z score equations that were independent of body size and pubertal stage. FIGURE 2-Mean Z score of maximal and submaximal CRF parameters stratified according to level of habitual physical activity. We found significant differences (P G 0.0001) between the Z score of maximal CRF parameters (peak O 2 pulse, peak V O 2 , and peak workload) and the level of habitual physical activity. We found no significant differences between the Z score of submaximal CRF parameters (V O 2 /workload, V e /V CO 2 slope, and V e /V CO 2 slope below VT) and the level of habitual physical activity (P = 0.13, P = 0.89, and P = 0.16, respectively).
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In a recent systematic review, we showed that the number of CPET pediatric reference values was limited, and when available, the methods used for normalization were heterogeneous with inconsistent-and often incomplete-adjustment for body size (5). We pointed out that the assessment of potential biases (residual association, residual heteroscedasticity, and departure from the normal distribution) had been inconsistent and insufficiently described. Furthermore, there were few studies reporting reference values for some submaximal and maximal CRF parameters that may have interesting prognostic significance, such as O 2 pulse, V O 2 /work slopes, and the oxygen uptake efficiency slope. This paucity of appropriate recent CPET reference values in children has for effect that some laboratories and metabolic cart software still rely on reference values proposed 930 yr ago (4, 18, 27) .
The relation between body size and CRF is complex and it is unlikely that a single body size measurement, like the body mass, can account for variation in CRF parameters (8, 28, 29) . It has been advocated that lean body mass or total muscle mass was a better predictor of CRF than height, weight, or body surface area alone. We have previously shown that using multivariable models including both weight and height was superior to predict the diameter of the aorta compared with models including only one body size measurement (30) . Others have also advocated for the use of multivariable models to better predict CRF (31) . In our previous review, we found that some authors did assess and compare multiple independent variables (32) (33) (34) (35) , but none proposed the use of a multivariable model incorporating more than one independent variable. A precise evaluation of body composition would likely be preferable to accurately predict CRF. However, because such an evaluation is not practical in routine clinical settings, we believe that the multivariable models presented in this study strike the right balance between accurately predicting CRF while only using body size measurements that are easily acquired.
Historically, investigators and clinicians have used 80% of the predicted values as the limit of normality. This lower limit seemed to have been borrowed from the literature in forced spirometry (36, 37) , but its validity in categorizing normal CRF is lacking. We observed significant heteroscedasticity for some measured CRF parameters, meaning that the variance around the mean was not constant as children grew older and taller. We found few previous studies testing for the presence of heteroscedasticity in which the SD was modeled to account for its variation with body size (5) . If the nonconstant variance is unaccounted for, one could expect a Z score that is not representative of the true distribution of the adjusted parameter. In our sample, the lower limit of normal (Z score j2.0) corresponded to a percentage of predicted values that varied from 66% to 77%. Using our predicted mean, as much as 11% of our sample fell below the arbitrary level of 80% of predicted value. Hence, we believe that the routine practice of considering 80% of the predicted value as being an abnormally low CRF result is biased and should be abandoned. One should rather use Z score equations with adequate modeling of the SD and consider results above the 98th percentile or below the 2nd percentile (roughly Z 9 2.0 and Z G j2.0) as being abnormal.
Body mass includes fat mass and FFM, which have markedly different influence on CRF (38) . Inclusion of body mass in prediction equations may thus introduce bias in overweight individuals, and it has been suggested that FFM has a better correlation with CRF (31) . In this study, we excluded obese children with a BMI-for-age Z score of 92, but overweight children were included. When we included body mass in prediction models, we observed a residual negative association with BMI-for-age and waist circumference for some parameters, indicating a possible underestimation of predicted CRF with increasing BMI-for-age. This was also observed after controlling for habitual physical activity. We were successful in reducing these residual associations by correcting body mass for overweight subjects. This approach was simple and intuitive yet yielded results similar to other approaches, such as using predicted lean body mass, using measured FFM by bioelectrical impedance, or introducing other parameters in the model.
Maximal CRF parameters were associated with the level of habitual physical activity. We expected such results because physical activity is known to increase CRF (39) . For submaximal parameters, the level of habitual physical activity had very little effect with similar results in active and nonactive children. Further studies are needed to determine if abnormal submaximal CRF parameters will be helpful in differentiating between healthy but sedentary children and children with impaired cardiovascular or respiratory response caused by chronic diseases.
This study has limitations. Our sample size is relatively small. This increases the possibility of bias due to sampling and selection. In our recent review, all prospective studies on cycle ergometer included G300 pediatric healthy participants. For this study, we chose a ramp protocol on a cycle ergometer. We know that CRF parameters may be different according to the exercise protocol (10). For example, peak V O 2 has been shown to be 9% to 11% higher on treadmill compared with cycle ergometer (40) . Consequently, the reference values proposed here may not apply to other exercise protocols. This was a multicenter study in which two metabolic carts were used by two separate teams, with a possibility of variation in the level of encouragement to participants. The test protocols were, however, strictly standardized and equipment was calibrated before each test. When CRF data were compared according to the center, we found no significant differences (not shown). Our population was mostly Caucasian. Considering the possible differences in cardiovascular responses to exercise according to ethnic background, our results should be validated in non-Caucasian populations.
CONCLUSIONS
In this study, we present Z score equations for several CRF parameters derived from a healthy pediatric population. We believe that our careful adjustment for body size yielded Z scores that are independent of body size, pubertal, age and sex. Using weighted models to account for heteroscedasticity has also allowed us to define more precisely the nonconstant range of normality with body size. These new and updated reference values should provide a more accurate lower normal limit. This may improve their value for the diagnosis, prognosis, and risk stratification of children with chronic diseases. We are currently recruiting children with tetralogy of Fallot and with heart failure to confirm this hypothesis.
